Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction. by Attar, Andrew R et al.
UC Berkeley
UC Berkeley Previously Published Works
Title
Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction
Permalink
https://escholarship.org/uc/item/44r071md
Journal
Science, 356(6333)
ISSN
0036-8075
Authors
Attar, AR
Bhattacherjee, A
Pemmaraju, CD
et al.
Publication Date
2017-04-07
DOI
10.1126/science.aaj2198
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
REPORT
◥
CHEMICAL PHYSICS
Femtosecond x-ray spectroscopy of an
electrocyclic ring-opening reaction
Andrew R. Attar,1,2 Aditi Bhattacherjee,1,2 C. D. Pemmaraju,3,4 Kirsten Schnorr,1,2
Kristina D. Closser,3 David Prendergast,3 Stephen R. Leone1,2,5*
The ultrafast light-activated electrocyclic ring-opening reaction of 1,3-cyclohexadiene is a
fundamental prototype of photochemical pericyclic reactions. Generally, these reactions
are thought to proceed through an intermediate excited-state minimum (the so-called
pericyclic minimum), which leads to isomerization via nonadiabatic relaxation to the
ground state of the photoproduct. Here, we used femtosecond (fs) soft x-ray spectroscopy
near the carbon K-edge (~284 electron volts) on a table-top apparatus to directly
reveal the valence electronic structure of this transient intermediate state. The core-to-
valence spectroscopic signature of the pericyclic minimum observed in the experiment
was characterized, in combination with time-dependent density functional theory
calculations, to reveal overlap and mixing of the frontier valence orbital energy levels.
We show that this transient valence electronic structure arises within 60 ± 20 fs after
ultraviolet photoexcitation and decays with a time constant of 110 ± 60 fs.
T
he light-activated electrocyclic ring-opening
of the 1,3-cyclohexadiene (CHD) chromo-
phore is responsible for a crucial step in
the photobiological synthesis of vitamin
D3 in the skin (1–3) and underlies numerous
optoelectronic applications in optical switching
(4), photochromic devices (5), andnanomechanical
motors (6). The photoinduced isomerization of
this particular chromophore has also played a
critical role in the development and corrobora-
tion of the Woodward-Hoffman rules that govern
the stereochemical fate of pericyclic reactions (7, 8)
more generally. The reaction scheme of photo-
chemical pericyclic reactions is postulated to involve
nonadiabatic transit through an intermediate ex-
cited state of the same symmetry as the electronic
ground state, implicating a complex interplay be-
tween nuclear and electronic degrees of freedom
(9). Serving as a model of this ubiquitous process,
the photoinduced ring-opening of CHD has been
thesubject of extensiveexperimental and theoretical
investigations (10–14), which have provided the
currently developed mechanism presented sche-
matically in Fig. 1A.
Following ultraviolet (UV) photoexcitation to
a 1B excited state via a strong symmetry-allowed
p→p* transition, the photochemical ring-opening
reaction is thought to proceed to a dark 2A ex-
cited state (11) near a surface crossing, or con-
ical intersection, between the 1B and 2A states
(labeled CI1) after ~55 fs (12, 13) and, subsequently,
through the so-called pericyclic minimum in this
intermediate state (11). From an electronic struc-
ture perspective, the 2A state can be described
by a doubly excited electronic configuration, as
shown in the intermediate orbital diagram in
Fig. 1B (9, 14). According to recent simulations
(15), the strict separation into a bright 1B state
and a dark 2A state may not be exact; however,
this labeling convention conveniently differen-
tiates the characteristically distinct regions of the
excited-state potential energy surface. As thewave
packet moves along the reaction coordinate with
concurrent conversion of the photon energy into
nuclear dynamics, a reduction in the p-p* splitting
is expectednear thepericyclicminimum, consistent
with the narrowing gap between the ground-
and excited-state potential energy surfaces. In
this region, a conical intersection between the
2A excited-state and 1A ground-state potential
energy surfaces (CI2) provides the critical outlet
for the wave packet to undergo nonadiabatic re-
laxation onto the 1A transition state region (11, 14).
From here, the wave packet bifurcates toward
either the 1,3,5-hexatriene (HT) photoproduct or
back toward the ring-closed CHD (13, 15). The
arrival time at the initial ring-opened HT photo-
product has been previously reported to be ~140 fs
(12, 14). A key to understanding this photochem-
ical mechanism, which involves rapid exchange
between electronic and nuclear motion, is to di-
rectly characterize both the time-evolving molec-
ular structure and the coupled evolution of the
valence electronic structure, especially through the
crucial intermediate excited state.
Although time-resolved spectroscopic studies
have allowed temporal tracing of the excited-
state dynamics (10, 12–14) and recent femto-
second x-ray scattering experiments have even
revealed the time-evolving molecular structure
directly (16), a direct characterization of the tran-
sientvalenceelectronic structure in the intermediate
excited-state region has remained elusive. Here,
we report femtosecond soft x-ray absorption spec-
troscopy near the carbon K-edge with spectro-
scopic analysis from time-dependent density
functional theory (TDDFT) calculations of the
x-ray spectra to directly reveal the evolution of
the valence electronic structure during the photo-
chemical ring-opening reaction in real time. Non-
adiabaticmolecular dynamics (NAMD) simulations
of the entire reaction path were performed and the
time-resolved x-ray absorption spectrum (TRXAS)
calculated at each time point via TDDFT (17).
In general, x-ray absorption spectroscopy is a
powerful tool for exploring the electronic struc-
ture of molecules with element specificity (18)
and,whenappliedwith ultrafast pump-probe tech-
niques, can provide detailed information regard-
ing the time evolution of oxidation states, spin
states, and chemical environments of specific atom-
ic sites during photoinduced processes (19–29).
Femtosecond x-ray (>100 eV) spectroscopic studies
have been mostly restricted to large-facility syn-
chrotrons or free-electron laser sources (20, 24, 25)
and only recently extended to table-top systems
(30). Here, we used a table-top, high-harmonic
x-ray source to probe the UV photoinduced ring-
opening reaction of CHD via soft x-ray femtosec-
ond transient absorption spectroscopy near the
carbon K-edge (~284 eV), thus demonstrating
femtosecond optical pump, x-ray probe spectros-
copy on a table-top apparatus. Briefly, a 266-nm
pump pulse (4 mJ) was used to photoexcite the
CHD molecules to the 1B state by promotion of
an electron from the 2p highest-occupied (HOMO)
to the 1p* lowest-unoccupied (LUMO) molecular
orbital, initiating the electrocyclic ring-opening
reaction. Broadband soft x-ray pulses (~160 to
310 eV, sub-50 fs) produced via high-harmonic
generation (HHG) were used to acquire x-ray ab-
sorption snapshots of the reacting molecule in real
time (17) (figs. S1 and S2). An independent in situ
cross-correlation between the UV and soft x-ray
pulses was used to find time zero and the in-
strument response function (IRF) of the experi-
ment, giving a full-width at half-maximumof 120±
15 fs (figs. S3 to S5).
In Fig. 2A, the static near-edge x-ray absorp-
tion fine structure (NEXAFS) spectrumof CHD is
plottedandcompared to the correspondingTDDFT
calculation.Here, we focus on the pre-edge region
of the spectrum (see fig. S6 for the full static
NEXAFS spectrum up to 296 eV). The pre-edge
resonances, labeled peaks X and Y, each consist
of several overlapping transitions into unoccupied
molecular valence orbitals. Peak X comprises car-
bon 1s→1p* LUMO transitions localized on the
sp2-hybridized carbon sites; peak Y comprises
1s→s*(C-C), 1s→2p*, and 1s→s*(C-H) transi-
tions (31). UV photoexcitation promotes an elec-
tron from the HOMO (2p) of CHD to the LUMO
(1p*), immediatelymodifying the electronic struc-
ture and, therefore, the NEXAFS spectrum. As
the potential energy imparted by the photon is
converted into kinetic energy of the nuclei, the
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electronic structure evolves accordingly, as de-
picted in Fig. 1B, leading to further changes in
the NEXAFS spectrum.
In Fig. 2B, the change in the carbon K-edge
NEXAFS spectrum (differential absorption, DA)
following the 266-nmexcitation of CHD is shown
as a function of the pump-probe time delay. The
differential absorption time scan shown is a rep-
resentative data set out of four separate data sets
collected (other data sets shown in fig. S7). Three
distinct temporal windows are marked off in
shaded regions of Fig. 2B—namely, 0 to 40 fs, 90
to 130 fs, and 340 to 540 fs—each of which shows
a unique differential absorption spectrum corre-
sponding to a different step in the ring-opening
reaction. The differential absorption spectra in
these three temporal windows are plotted in figs.
S8 to S10. To clarify the interpretation of the
evolving NEXAFS spectrum, the differential ab-
sorption spectra in the three temporal windows
are converted to pure “pump on” spectra (i.e., of
the photoexcitedmolecules only) in Fig. 3, A to C,
by adding back a scaled “pump off” static spec-
trum based on the percentage of the molecules
in the interaction region that are photoexcited.
We estimate the excited percentage from the
absorption cross section of CHD at 266 nm (8 ×
10−18 cm2molecule–1, e =2000 litermol–1 cm–1) (32)
and the pump pulse fluence in the x-ray focus
(0.27 mJ mm–2), given the 4-mJ pulse energy (17).
By this procedure, we estimate that ~13% of the
molecules in the soft x-ray focal volume were
photoexcited by the UV pump pulse. The static
CHD spectrum was scaled accordingly and added
to the differential absorption spectrum to obtain
the pure “pump on” spectra.
The transient NEXAFS spectra in the 0- to
40-fs, 90- to 130-fs, and340- to 540-fs timewindows
are plotted in Fig. 3, A to C, respectively, and com-
pared to the static “pump-off” spectrum. Each tran-
sient spectrum is an average over the designated
time window. Because of the 120 ± 15 fs IRF, the
early time windows of 0 to 40 fs and 90 to 130 fs
are not perfectly isolated. In the 0- to 40-fs time
window (Fig. 3A), immediately after excitation, we
observe a large depletion of the 1p* resonance
(peak X), as well as a broad increase in absorp-
tion on the low-energy wing (~280 to 284 eV) of
peak X and in the valley between peaks X and Y
(~286 eV). In Fig. 3B, the most notable transient
feature is observed in the 90- to 130-fs time win-
dow at ~282.2 eV, which is a new resonance not
observed in the NEXAFS of either ground-state
CHD or HT (31, 33). Also in this time window,
peak Y is broadened and shifts to lower energies,
leading to increased absorption amplitude be-
tween peaks X and Y. In the final time window
(340 to 540 fs in Fig. 3C), which represents the
completed reaction, the transient resonance at
282.2 eV has decayed and peak X (1p* resonance)
returns completely with even higher amplitude,
but is broader and slightly red shifted by ~0.3 eV
when compared to the 1p* resonance in the
ground-state CHD spectrum. Furthermore, peak
Y has shifted back to higher energies. Lastly, in
the 340- to 540-fs time window, an increase in
absorption in the valley near 289 eV has arisen.
To elucidate the underlying physical processes
that govern the evolution of the photoexcited
NEXAFS spectrum, we performed NAMD simu-
lations of the reaction to obtain structural and
electronic-state information for each time delay
relative to UV photoexcitation and calculate the
time-resolved carbon K-edge spectra via TDDFT
at each time point (Fig. 3, D to F). A total of 116
NAMD trajectories were averaged for each time
point to reveal the effects of the vibrational ex-
citation and distribution in nuclear geometries
during the reaction. In Fig. 3F, the final reaction
trajectories are separated into “successful” (ring-
opened) and “unsuccessful” (return to ring-closed
ground state) categories, and the x-ray absorp-
tion spectra associated with both categories
are calculated. Both the ring-opened HT and
ring-closed CHD molecules are produced with
substantial vibrational energy, which is incor-
porated in the calculated spectra by the NAMD
simulations.
The calculated early time NEXAFS (Fig. 3D)
near the Franck-Condon (FC) regionof the 1B state
shows a depletion and red shift of the 1p* peak
X resonance and a new absorption feature at
~280.8 eV,whichhas carbon 1s→2p character (i.e.,
into the hole generated in the 2p orbital by 2p→1p*
valence excitation). Previous femtosecond time-
resolved studies have reported that themovement
out of the FC region occurs on an extremely short
time scale of ~20 to 30 fs (12, 14). The TDDFT
calculations of the x-ray spectra, in combination
with the NAMD simulations along the reaction
coordinate, show that as the wave packet moves
rapidly out of the FC region in the first 40 fs, the
2p and 1p* resonances begin to coalesce around
283.3 eV into near degeneracy (17) (fig. S11). As
the wave packet moves down the steep 1B poten-
tial energy surface, the energy initially imparted
by the 266-nm photon in the form of a 2p→1p*
excitation (electronic potential energy) is converted
to kinetic energy of the nuclei, which lowers the
2p-1p* splitting (schematically illustrated in Fig.
1B). From the perspective of the potential energy
surface picture in Fig. 1A, this lowering of the
2p-1p* splitting is represented as the narrowing
gap between the ground state and excited state
(17) (fig. S16), reaching the smallest gap near the
pericyclic minimum of the 2A state. Any motion
out of the FC region, therefore, will lead to shifting
of the 2p resonance from 280.8 eV to higher ener-
gies and the 1p* resonance from 284.5 eV to lower
energies. This results in the observed broad absorp-
tion between ~280 and 284 eV in Fig. 3D, which is
an average over the 0- to 40-fs time window.
In Fig. 3A, the experimental transient NEXAFS
measured in the 0- to 40-fs time window shows
the immediate depletion of the 1p* resonance
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Fig. 1. Electrocyclic ring-opening reaction path. (A) Schematic representation showing the relevant
potential energy curves along the ring-opening reaction coordinate—modeled after several established
schematic figures in the literature (10, 12–14). The displayed mechanism is described in the main text.
Three conformational isomers of the 1,3,5-hexatriene photoproduct are formed in the reaction, namely s-cis,
Z,s-cis (cZc), s-trans,Z,s-cis (tZc), and s-trans,Z,s-trans (tZt) (B) Schematic orbital diagram showing the
corresponding evolution of the electronic structure (not to scale) of the relevant frontiermolecular orbitals at
key points along the reaction coordinate.The diagrams represent (from left to right) the 1B state FC region of
CHD, the 2A intermediate state, and the 1A state of HT. At the 2A state, near the pericyclic minimum, the 2π
and 1π* orbitals are energetically overlapped and mixed, as revealed by the present x-ray spectroscopic
results and analysis.
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and a broad wing between ~280.5 and 284 eV, in
close agreement with the calculated spectrum
of Fig. 3D. The broad absorption wing rep-
resents the spread of the wave packet out of the
FC region toward the 1B/2A conical intersection,
in agreement with the calculations for this time
window. To observe a continuous shift of the
1s→2p and 1s→1p* resonances, better temporal
resolution would be required for the present
signal-to-noise levels of this experiment. Never-
theless, we can identify the population dynamics
through the 1B state byplotting the time-dependent
differential absorption at 284.5 eV (Fig. 4A), where
depletion occurs immediately upon UV excita-
tion. The subsequent decay of the depletion at the
longest delay times is due to overlapping absorp-
tionwith theHT photoproducts and vibrationally
excited CHD molecules that are produced via in-
ternal conversion.
In theTDDFTdescription, as the systemmoves
away from the FC region on the first-excited po-
tential energy surface, the 2p and 1p* resonances
merge into near degeneracy at ~283.3 eV (Fig. 3E,
90- to 130-fs time window). Theoretical analysis
of the intermediate resonance at ~283.3 eV reveals
that this resonance involves promotion of a car-
bon 1s electron into a valence orbital of mixed
2p/1p* character (1s→2p/1p*). In the experimental
spectrum measured in the 90- to 130-fs time win-
dow (Fig. 3B), an intermediate resonance is explic-
itly observed at 282.2 eV. The ~1-eV discrepancy in
the calculated versus experimental energy of this
intermediate resonance is tentatively attributed to
the inexact treatment of exchange-correlation ef-
fectswithin a single-determinant adiabatic TDDFT
description for the 2A state, which has some dou-
ble excitation character. However, despite themi-
nor discrepancy between theory and experiment
in regard to the exact location of the 2p/1p* peak,
the merging of the 2p and 1p* resonances in this
intermediate region, as predicted by the theory
(see also Fig. 2B and fig. S15), is explicitly observed
in the experiment. The clear coalescence of the
resonance at 282.2 eVprovides adirect experimen-
tal observation of the elusive 2A state pericyclic
minimum and confirmation of the strongly
overlapped and mixed 2p and 1p* frontier or-
bital energy levels in this region.
Because the transient resonance at 282.2 eV
represents the signature of the 2A state pericyclic
minimum region of the excited-state potential en-
ergy surface, the populationdynamics through this
intermediate region can be represented by the
differential absorption at this resonance energy as
a function of the pump-probe time delay (Fig. 4B).
There is a clear delay between the rise of the 2p/1p*
resonance at ~282.2 eV (Fig. 4B) and the deple-
tion of the ground-state CHD 1p* resonance at
284.5 eV (Fig. 4A). The delay corresponds to the
time scale required to arrive at the 2A state from
the initially excited 1B state FC region and was
measured to be 60 ± 20 fs. The subsequent decay
of this state was fit to an exponential time con-
stant of 110 ± 60 fs, which corresponds to the life-
time of the 2A state before thewave packet relaxes
nonadiabatically through the 2A/1A conical inter-
section. The error margins in the time constants
represent one standard error of the fitted pa-
rameter, calculated from the least-squares fitting
routine.
Further analysis of the calculatedNEXAFS spec-
trum near the 2A state minimum (Fig. 3E) also
reveals a modest (~0.4 eV) red shift of peak Y to
~287.2 eV. The experimental spectrum in the 90-
to 130-fs time window of Fig. 3B, in agreement
with the theory, shows a ~0.5-eV red shift of peak
Y. The red shift observed at peakY,which involves
core transitions to unoccupied orbitals that donot
participate in the 266-nm valence excitation, is
attributed to nuclear dynamics. In the initial steps
of ring opening, the C=C and C-C bonds stretch
and the ring is deformed (12). Bond elongations
lead to red-shifting of core transitions to antibond-
ing orbitals, 1s→s*(C-C) and 1s→2p*, which un-
derlie peak Y, because of the larger antibonding
character of the final core-excited state compared
to the valence-excited state (18).
Lastly, crossing through the 2A/1A conical in-
tersection along the reactive pathway leads to
formation of highly vibrationally excited HT and
CHD molecules. In Fig. 3F, as mentioned above,
themolecular dynamics trajectories are separated
into successful (ring-opened) and unsuccessful (re-
turn to ring-closed ground state) categories, and
theaveraged spectra forboth categories areplotted.
The large amounts of vibrational excitation of
both the ring-openedHTand ring-closedCHDmol-
ecules are taken into account in the calculations.
The spectrum of the highly vibrationally excited
CHD molecule is characterized by a broadening
and a strict decrease in amplitude at the reso-
nance center of peak X, compared to the 300 K
CHD spectrum. The spectrumof the vibrationally
excited HT photoproduct, by contrast, is charac-
terized by a broadening and a strict increase in
absorption amplitude at the resonance center of
peak X, relative to the 300 K CHD spectrum. The
broadening in both spectra is caused by the in-
creased distribution of nuclear geometries in the
vibrationally excitedmolecules, which spreads out
the distribution of FC-active vibronic transitions.
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Fig. 2. Static and fem-
tosecond transient
absorption spectra of
1,3-cyclohexadiene.
(A) Comparison of the
experimental static
NEXAFS spectrum of
ground-state (G.S.)
CHD (data points
shown in full circles
connected by solid
black line) with the
TDDFT calculation for
CHD at 300 K (solid
gray line). The experi-
mental spectrum is an
average of 64 spectra,
and the error bars cor-
respond to 95% confi-
dence interval limits.
The intensity scale
of the calculated
spectrum is normalized
to peak X in the exper-
imental spectrum. In
the TDDFT calculation
of the x-ray spectrum,
explained in detail in
the supplementary
materials, a constant
0.4-eV Gaussian
broadening was added
to each transition.
Although the rising
nonresonant edge is
not included in the
calculated spectrum, the relative energies of the pre-edge resonances observed in the experiment
are excellently reproduced by the calculation (within 0.1 eV). (B) A false-color surface map showing
the change in the x-ray absorption (DA) as a function of photon energy and delay time, with positive
delay times indicating that the soft x-ray pulse follows the UV pulse. An increase in absorption is
represented in red or white, a decrease in blue or black. Three temporal windows are indicated by the
shaded regions, which each represent an important step in the ring-opening reaction process, as
described in the text.
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Fig. 3. Experimental and calculated x-ray absorption snapshots. (A to
C) Transient “pump on” x-ray absorption spectra (i.e., of the photoexcited
molecules only) measured in the delay-time windows highlighted in Fig. 2B
[(A) 0 to 40 fs, (B) 90 to 130 fs, and (C) 340 to 540 fs] and compared to
the scaled static x-ray absorption spectrum of ground-state (G.S.) CHD.
Each transient spectrum is an average over five time points in the desig-
nated time window. For each time point, 32 DA spectra are averaged and
the error bars correspond to 95% confidence intervals. The error for each
time point is propagated in the average of the five time points in each
window. As described in the main text, we estimate that ~13% of the mol-
ecules in the interaction region were photoexcited. To directly compare the
changes in the spectra induced by UV photoexcitation, the static CHD ref-
erence spectrum is scaled in accordance with the percent excitation. (D to
F) Calculated x-ray absorption spectra averaged over 116 trajectories of
the NAMD simulations: (D) 0- to 40-fs time-averaged spectrum represent-
ing the 1B excited-state region, (E) 90- to 130-fs time-averaged spectrum
representing the 2A state region, and (F) 340- to 540-fs time-averaged
spectra of highly vibrationally excited HT and CHD. The valence orbitals
involved in each of the major core-to-valence resonances in the pre-edge
regions of the calculated spectra are shown.
Fig. 4. Time-dependent changes to the x-ray absorption spectrum.
Temporal evolution of the differential absorption amplitude (difference between
“pump on” and “pump off”) at three different x-ray energies. Each differential
absorption lineout is an average over 32 measurements, and the error bars in
amplitude correspond to 95% confidence intervals. (A) Temporal evolution at
284.5 eV, which is the peak energy of the carbon 1s→1π* resonance of ground-
state CHD. (B) Temporal evolution at 282.2 eV, which is the peak energy of the
transient 1s→2π/1π* resonance and therefore represents the dynamics through
the intermediate 2A state region near thepericyclicminimum.The lineout is fit to
a convolution of the Gaussian IRF with an exponential decay function. The
Gaussian width of the IRF (120 fs) is fixed in accordance with the in situ cross-
correlation, while all other parameters, including the delayed rise (Dt) and the
exponential decay time constant (t), are free floated.The fit yields Dt = 60 ±
20fsand t =110±60 fswithacoefficientofdetermination,R2,of0.61. (C)Temporal
evolution at 284.2 eV, representing the peak of the final 1s→1π* resonance of
theHTphotoproduct.The lineout at 284.2 eV is fit to a delayed rise at 180 ± 20 fs
with anR2 of 0.78.The errormargins in all the fitted parameters represent ±1 SE,
calculated from the least-squares fitting routine.
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Turning to the experimental spectrummeasured
in the long time-delay limit (340 to 540 fs), the
transient spectrum shows a broadening and in-
crease in the absorption amplitude of peak X, as
well as a slight red shift, relative to the experi-
mental CHD ground-state spectrum (Fig. 3C).
The key observation in Fig. 3C is the increase
in the peak X (1p*) amplitude, despite the sub-
stantial broadening of the resonance, compared
to the CHD ground-state spectrum. The peak X
resonance of HT has a larger oscillator strength
compared to that of CHD, whereas the peak X
amplitude is lower in the spectrum of the vibra-
tionally excited CHD molecules produced via the
nonreactive internal conversion (Fig. 3F).Therefore,
the overall increase in the observed peak X am-
plitude in the long time-delay limit of the exper-
iment is caused by the production of ring-opened
HTmolecules in substantial yield. Further, in the
calculated spectra of vibrationally excited HT
and CHD (Fig. 3F), an increase in absorption in
the valley near 289 eV is predicted in both spectra.
Similarly, in the experimental 340- to 540-fs spec-
trum in Fig. 3C, a new broad absorption fea-
ture is observed at ~289 eV, consistent with the
calculations.
To address the approximate HT:CHD branch-
ing ratio measured in the present investigation,
we combined the calculated CHD and HT x-ray
spectra in various ratios, searching for the lower
limit on the HT:CHD branching ratio that leads
to an increase in the peakX amplitude relative to
the 300 K spectrum, as observed in the experi-
ment. In this way, the lower limit on theHT:CHD
branching ratio was determined to be approxi-
mately 60:40. However, this value relies on the
relative quantitative oscillator strengths extracted
from the calculations, which may not be exact.
TheNAMDsimulations predict a 64%ring-opened
population. Although the pre-edge region focused
on here offers exceptional sensitivity to changes
in valence electronic structure, future experiments
using slightly higher soft x-ray energies above the
carbon K-edge have the potential to provide high-
er sensitivity to structural changes through time-
resolved extended x-ray absorption fine structure
(TREXAFS).
To clock the generation of HT photoproducts,
we plot the time-dependent differential absorp-
tion lineout at 284.2 eV in Fig. 4C, representing
the rise in the peak of the 1p* resonance of theHT
isomeric mixture, which is red-shifted relative to
the ground-state CHD 1p* resonance (as seen in
Fig. 3C). The lineout reveals a delayed rise at this
energy, which reaches an asymptote in the long-
time-delay limit and signifies the formation of the
ring-opened HT photoproduct. The rise of the HT
signal is fit to a delayed step function centered
at 180 ± 20 fs.
The analysis of transient carbonK-edgeNEXAFS
spectra, in combination with NAMD simula-
tions and TDDFT calculations of the TRXAS along
the reaction coordinate, thus reveals that the fron-
tier 2p and 1p* orbitals are stronglymixed and over-
lappednear thepericyclicminimum.This transient
electronic structure in the intermediate region is
consistent with the Woodward-Hoffman frame-
work describing the favorability of a continuous
transition of the highest-occupied frontier orbit-
al of the reactant into that of the product (8). In
photoinduced reactions, the LUMOof the ground-
state reactant is the highest-occupied orbital in
the excited state, and this orbital is thought to
transform into theHOMOof theground-state prod-
uct. Providing direct evidence of this intuitive
picture, the present results show that the frontier
orbitals (i.e., the HOMO and LUMO of ground-
state reactant) overlap energetically in the inter-
mediate regionbetween reactant andproduct, near
the critically important pericyclicminimum.With
ongoing increases in flux and stability, the con-
tinuing application and growing accessibility
of water-window soft x-ray pulses on table-top
setups promise to expand scientific directions in
molecular photochemistry and photophysics.
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